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Abstract 
The engineering options for integrating the gas path components of a post combustion capture plant into a power plant have been
investigated. In addition, an established power plant model and a verified post combustion capture process model have been 
integrated to simulate power plant equipped with post combustion CO2 capture and compression. A power plant simulation tool 
was used to optimize the overall thermal efficiency resulting from the introduction of an MEA based CO2 capture process into 
state of the art power plant. The optimum approach to integration of the capture process into the power plant steam cycle is 
reported. 
© 2008 Elsevier Ltd. All rights reserved 
Post combustion CO2 capture technology; gas path integration; heat integration modelling 
1. Introduction 
This paper reports upon two engineering studies conducted within the European Commission Framework 6 
funded CAPRICE project – CO2 Capture using Amine Processes: International Cooperation and Exchange. The 
CAPRICE project brings together a core team from the EC CASTOR project with the team from the University of 
Regina, plus further researchers from Russia and China. 
Post combustion CO2 capture (PCC) using amine processes is recognized as a leading carbon capture technology 
and is likely to be one of the earliest capture processes to be implemented. The engineering issues surrounding the 
integration of the capture process into the power plant gas path and steam cycle will be vital considerations in the 
commercial scale implementation of the technology. This paper reports optimized approaches for integration into 
the power plant cases studied. 
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A significant advantage of post combustion capture technology is that it can be fitted to the flue gas path of 
conventional fossil fuel-fired boilers; however, the integration of the capture process with the existing flue gas 
treatment systems and draught plant requires optimization. The engineering options for linking together the major 
gas path equipment items including FGD plant, direct contact cooler, SO2 polisher, CO2 absorber, flue gas fans and 
associated ductwork (including FGD and PCC bypasses) have been investigated. Issues such as fan position and 
duty, bypass requirements, flue gas cooling and SO2 polishing have been assessed. An optimized design has been 
determined for two retrofit cases (existing and capture ready plants) and for a case in which capture is installed from 
the outset (capture equipped plant), using an 800MWe supercritical coal-fired power plant and a 300MWe 
supercritical lignite-fired power plant as the base cases. 
An established power plant model and a verified post combustion capture process model have been integrated to 
simulate power plant equipped with post combustion CO2 capture and compression. Detailed modeling of the 
industrial benchmark 30%wt monoethanolamine (MEA) post combustion CO2 capture process was carried out by 
the University of Regina using a commercial process plant modeling software package and verified against pilot 
plant test data, and the results fed into E.ON Engineering’s power plant simulation tool (PROATESTM). This tool 
was then used to optimize the positions from which steam was drawn and low grade heat/condensate re-introduced 
to the power plant steam/feed water cycle in order to optimize the overall thermal efficiency resulting from the 
introduction of a CO2 capture process into state of the art power plant. The same two power plant cases mentioned 
above were considered with a benchmark MEA process, both assumed to be new build with carbon capture installed 
from the outset. 
2. Description of base cases 
Case 1 was based on an 800MWe (pre-capture) two-pass bituminous coal-fired advanced supercritical boiler 
typical of a range of new plants currently being proposed in Europe. The fuel used for the analysis was a South 
African world traded bituminous coal. It was assumed that the power plant included a gas–gas heater (GGH) to cool 
the flue gas before entering the FGD unit and to reheat the treated gas before discharge from stack. 
Case 2 was a supercritical American lignite-fired plant exporting 300MWe (pre-capture). This plant size and 
configuration was thought representative for a North American new build unit. The model was developed to include 
the same level of detail as Case 1. 
Table 1 shows the flue gas properties at the FGD outlet calculated from assumed base plant efficiencies (without 
CO2 capture) of 45% for Case 1 and 43.5% for Case 2 based on the net calorific value of fuel. 
Table 1: Flue gas properties at the FGD outlet
Flue gas properties Case 1 
800MWe bituminous 
Case 2 
300MWe lignite 
Temperature (°C) 45 54 
CO2 (%v) 13.9 13.5 
N2 (%v) 72.0 67.8 
O2 (%v) 3.6 3.4 
H2O (%v) 9.6 14.5 
SO2 (%v) 0.003 0.010 
HCl (%v) 0 0 
Ar (%v) 0.9 0.8 
Flue gas flow rate (kg s-1) 819.0 324.6 
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3. Gas path integration 
This section addresses the options and costing of gas path components resulting from the integration of a post 
combustion capture (PCC) plant into two power plants firing bituminous coal (800MWe without CO2 capture) and 
lignite (300MWe without CO2 capture), with three different scenarios being considered: existing plant, capture 
ready plant and capture equipped plant. The first two correspond to a retrofit and the third to a PCC plant built and 
commissioned from the outset. It assumed a generic layout including the following components: 
1. Fan located in the PCC plant (different options were assessed). 
2. Direct contact cooler (DCC). 
3. SO2 polisher (POL). 
4. CO2 absorber. 
5. PCC bypass. 
It evaluates five different configurations for each case: 
1. Separate DCC and SO2 polisher. 
2. Combined DCC and SO2 polisher in a single column. 
3. Without DCC. 
4. Without SO2 polisher. 
5. Without DCC/SO2 polisher. 
The calculations were carried out on a generic power plant and PCC integrated layout based on the following 
assumptions: 
1. The existing plant case and the capture ready case would be 50 m away from the FGD outlet and the capture 
equipped plant would be 15 m away from the FGD outlet. 
2. Flue gas velocities were fixed to 20 m s-1 in pre-CO2 absorber ductwork and to 25 m s-1 in post-CO2
absorber ductwork. This difference accounts for the increased cleanliness (i.e. no acidic gases or fine 
particulates) of flue gas exiting the CO2 absorber. 
3. Flue gas velocities inside the absorber column are fixed to an approximate value of 2 m s-1 and the same 
calculated column diameter is assumed for the DCC and SO2 polisher. 
4. It was assumed that a two-train system would be required. A generic description of this system is illustrated 
in Figure 1. 
Figure 1: Generic two-train PCC plant 
Equipment costs include the direct contact cooler, SO2 polisher, CO2 absorber and associated ductwork 
(including PCC bypass). Although the FGD is not part of the PCC unit, its performance has a significant effect on 
the economics of the PCC plant. Therefore the differential capital cost of the FGD unit with varying performance 
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levels was incorporated in this study according to the information published from the CASTOR project by Féraud et 
al. [1]. Depending on the configuration selected (namely existing, capture ready or capture equipped plant), the 
concentration of SO2 in the flue gas leaving the FGD unit changes. It is assumed that the existing plant case is the 
reference (i.e. highest concentration of SO2 at the FGD outlet) and its differential capital cost is zero.  The 
differential capital cost for the remaining two cases (capture ready and capture equipped plants) corresponds to the 
capital cost difference for achieving higher SO2 removal efficiencies. These values have been extrapolated from the 
results published by Féraud et al. [1] using E.ON Engineering’s FGD cost estimator to the operating conditions of 
interest. 
Operating costs considered in this study include the fan electricity consumption, the cost of sodium hydroxide 
(NaOH) to remove SO2 in the polisher, the consumption of MEA via a chemical reaction with SO2 entering the 
absorber, the loss of exported power when the DCC is removed, and the FGD differential operating cost for different 
configurations extrapolated from the results published by Féraud et al. [1] using E.ON Engineering’s FGD cost 
estimator to the operating conditions of interest. It was assumed a plant availability of 85% in all cases. 
Figure 2 shows the through life cost for the 800MWe and the 300 MWe capture ready plant cases. The main 
difference between these cases is the effect of removing the DCC and the negative impact this has on the exothermic 
absorption process. The loss of exported power without DCC is significant for the 300MWe case. This implies that 
this column cannot be removed from the PCC plant for this particular case. By contrast, it is cheaper to remove the 
DCC and lose some exported power for the 800MWe case. This difference arises from the different FGD outlet 
temperatures (45°C for the 800MWe bituminous coal case and 54°C for the 300MWe lignite case). By reducing the 
temperature of the flue gas to 40°C, the DCC has a larger effect on the efficiency of the PCC plant when the flue gas 
exiting the FGD is hotter (300MW lignite case in this study). Furthermore, the results clearly show the importance 
of maintaining a reasonable balance on the amount of SO2 that can enter the absorber. Figure 2 corresponds to the 
capture ready case. It can be seen that when the polisher is removed, the additional cost of MEA consumption is 
greater than the savings in fan power and therefore this is not an economically viable option. 
Figure 2: Through life cost for capture ready plant cases 
Figure 3 shows a summary of the optimum configuration for all cases studied. When the FGD CAPEX and 
OPEX differentials are not considered, the through life cost of the PCC plant diminishes in the order existing plant > 
capture ready plant > capture equipped plant for both the 800MWe and 300MWe cases. However, when the FGD 
CAPEX and OPEX differentials are included, this trend is not followed by the 300MWe case any longer. In fact, the 
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two least expensive configurations (existing plant and capture equipped plant) are virtually identical.  This result can 
be explained by the fact that an FGD designed to limit the concentration of SO2 to 10 mg Nm-3 (6% O2, dry) from 
the lignite flue gas is very expensive because of the much higher SO2 concentration in the flue gas entering the FGD 
absorber. In other words, removal of SO2 in the FGD unit or in the polisher becomes economically similar. This is 
an example of how important it is to consider all gas path components to carry out economical evaluations of 
retrofitting post combustion capture. 
Figure 3: Summary of optimum configuration 
4. Heat integration 
E.ON Engineering’s whole power plant simulation tool (PROATESTM) was used to construct a detailed boiler, 
turbine, feed heating train and cooling water model featuring modules to represent the interactions with the CO2
capture plant. As part of this study, the base power plants were modified to have CO2 capture from the outset, 
meaning that the low pressure steam turbine and condenser were sized and optimized for a considerably lower steam 
flow due to the significant bleed to the capture plant. Such modification to the base power plant to optimize for 
capture may reduce the base plant efficiency without capture. 
The commercial process modeling software was used by the University of Regina to model the amine scrubbing 
plant in detail, the basis of which was empirical data from campaigns with the benchmark 30 wt% 
monoethanolamine (MEA) solvent in the 1 ton per day pilot plant located at the university. A baseline model was 
produced to replicate the experimental data and scaled up to match the flue gas for the different power plant cases. 
The model was used to calculate the reboiler heat duty, the stripper reflux condenser duty and the flue gas direct 
contact cooler and lean amine cooler duties as well as booster fan and pump duties for a given CO2 removal 
efficiency and flue gas cooler outlet temperature. A CO2 capture efficiency of 90% and cooling of the flue gas to 
40°C (after direct contact cooler) were considered datum conditions. A separate model was set up by E.ON 
Engineering to calculate CO2 compression power and cooling requirements. All the above information was 
subsequently used as inputs into the power plant models to simulate impacts on the overall power plant systems 
incurred by the addition of a benchmark CO2 capture and compression to 110 bar. 
The specific heat duty (3.6 GJ t-1 CO2) for MEA solvent regeneration was predicted to be almost identical for the 
two cases. This is due to the similarity of the flue gas compositions and the approach to optimize the PCC plant 
operation for each individual case. This value is derived from the CO2 capture rates (kg s-1) and predicted total 
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reboiler duties (MW). It was somewhat lower than the 4.0 GJ t-1 CO2 commonly quoted in the literature for 30%wt 
MEA but is obtained from University of Regina pilot plant operation, with correction for the higher flue gas CO2
concentrations in the two cases considered in this study. The University of Regina typically observe 3.9 GJ t-1 CO2
on their 1 t d-1 pilot plant with a CO2 concentration of 8 %v. 
For Case 1 the 800MWe boiler model was based on a state of the art advanced two-pass supercritical design with 
superheat operating steam conditions of 285 bar and 600°C and reheat steam conditions of 60 bar and 620°C. 
Superheat temperatures were controlled by firing rate and the reheat steam temperatures were controlled by altering 
the gas flow bias over the superheat and reheat banks in the rear boiler gas passes. Additional temperature control 
was available via spray water attemperation on the superheater circuit. 
For Case 2 the 300MWe lignite boiler was derived from a sub-critical tower boiler model and up-rated to 
supercritical pressures and temperatures. The furnace included flue gas recycling to assist in the drying of the fuel. 
The superheat temperatures were controlled by firing and by sprays, with the reheat sprays intended for emergency 
use only. To simplify the modeling task, the pre-drying of lignite using low grade waste heat was not considered 
here; however this is increasingly being proposed for greater power plant efficiency in the latest lignite firing plant 
designs.
The steam turbine design for both power plant models included a high pressure (HP), an intermediate pressure 
(IP) and two twin low pressure (LP) sections. Being a smaller unit, the 300MW lignite model included six feed 
water heaters compared to eight for the 800MW bituminous case. Since this study considered plant designed and 
optimized with CO2 capture from onset the models featured a smaller LP section, smaller condenser and a 
redesigned cooling water system compared to a similarly rated supercritical unit designed without capture. In this 
regard, the turbine train was designed for optimized performance at full load operation with 90% carbon capture and 
flue gas pre-cooling to 40°C. 
It is pivotal that the extracted steam quality to the CO2 capture plant reboiler can be maintained throughout the 
plant operating range. As pressures in the turbine train reduce at lower outputs there is a need to either extract steam 
at a higher than necessary quality at full load operation, or to be able to withdraw from more than one tapping point, 
or to control the pressure by introducing a pressure drop (such as a valve) between the IP and LP turbines in order to 
maintain the steam conditions at the extraction point at low load. 
For a base load plant, where performance would be optimised at high load levels, there is a distinct advantage to 
take the steam at as low a quality a possible. Uncontrolled extraction, whilst not introducing a throttle of the LP 
turbines, therefore appears suboptimal as it requires greater steam quality extraction at full load to allow adequate 
steam quality to be obtained at part load. The steam demand for the CO2 capture plant stripper reboiler was therefore 
taken from a tapping point at the IP turbine exit and a governor valve for maintaining the IP turbine exit pressure at 
the level required by the reboiler was included between the IP and the LP turbine. It was assumed that the plant 
would also operate without CO2 capture and that the LP turbine therefore should be able to accept the additional 
steam available during PCC plant shut down. 
The cooling water system was based on sea water available at 14.3°C. It provided cooling for the turbine 
condenser, part of the amine stripper reflux condenser, CO2 absorber wash water cooler, solvent trim cooler, 
absorber intercooler and the CO2 compressor intercoolers. 
Generally, it is advantageous to introduce sources of heat (either through heat exchange or by direct addition of 
hot condensate) to the power plant condensate/feed water at matching temperatures. Ultimately, this preference to 
match the temperature of a heat source to a point of similar temperature in the power plant feed train defines the 
optimum heat return location. A number of potential CO2 capture and compression plant heat sources (for potential 
integration) were identified: 
1. Hot reboiler condensate (~ 130°C) 
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2. CO2 compression intercooling (70–290°C) 
3. Stripper reflux condenser (80–100°C) 
4. Solvent trim and absorber wash water cooler (< 60°C) 
The main challenge with integrating the above heat sources into the power plant heat cycle is the relatively low 
temperatures at which they are available. Another problem is that the routing of a significant amount of the LP 
steam to the CO2 capture plant reboiler decreases the mass flow of LP condensate in the early part of the boiler feed 
water heating train where the temperatures are low enough to enable heat integration. Following this, only a fraction 
of the stripper reflux condenser cooling duty could be supplied by the turbine condensate (nevertheless this still led 
to a considerable decrease in amount of bleed steam required for Heater 1). The excess reflux cooling duty and all 
other cooling duties in the CO2 capture plant had to be supplied by the cooling water system. 
A result of the limitation to lower grade heat integration is that the CO2 compression train would be designed so 
as to minimize the required compressor power by employing many stages with intercooling between each stage 
rather than having fewer stages with higher temperature rises (which would have been the most applicable for 
integration of this heat back into the main feed heating train). 
Table 2 shows predicted efficiencies for the two cases with the PCC plant on and off line. For each case a base 
plant which is not optimized for capture and a plant which is optimized for capture have been considered. The 
reduction in efficiency for a plant optimized for capture when it is operating without capture is due to restricted 
capacity of the LP turbine and condenser. 
Table 2: Efficiency with PCC plant on and off line comparing unmodified and captured optimized designs
PCC plant off line PCC plant on line 
Base plant (%) Optimized for capture (%) Base plant (%) Optimized for capture (%) 
800MW Case 1 45.0 43.9 34.6 35.3 
300MW Case 2 43.5 42.1 Not studied 33.6 
Power plant model simulations were carried out with a range of CO2 removal efficiencies, with the resultant 
power plant efficiencies being presented against capture rate for each case in Figure 4. The response is almost 
identical for the two cases. This can be attributed to the optimization of the University of Regina capture plant 
model operation for each individual scenario. It should be noted that in addition to the increase in reboiler heat duty 
when increasing CO2 removal efficiency (by far the most important factor), the power requirements for the CO2
compression, the amine pumps and the booster fan also increase. 
5. Conclusions 
For the 800MWe case firing bituminous coal, the optimum through life cost for gas path integration decreased in 
the order existing plant > capture ready plant > capture equipped plant.  For this case, the DCC was found not to be 
required.  This means that it is cheaper to remove the DCC (and save its capital cost) at the expense of losing the 
corresponding exported power revenue associated with lower rich amine loading.  In this case the DCC would have 
reduced the temperature of the flue gas exiting the FGD from 45°C to 40°C. 
For the 300MWe case firing lignite, the optimum through life cost for gas path integration decreased in the order 
capture ready plant > existing plant ~ capture equipped plant.  The difference between the existing plant and the 
capture equipped plant was so small that they can be considered as almost identical cases.  For this case the DCC 
was required as the lost exported power without it was significant due to the large rise in absorber temperature.  In 
this case the DCC will reduce the temperature of the flue gas exiting the FGD from 54°C to 40°C. 
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Figure 4: Power plant efficiency vs capture rate with flue gas temperature (post-DCC) of 40°C 
A solvent regeneration specific heat duty of 3.6 GJ t-1 CO2 was predicted for all three cases by the University of 
Regina based upon their pilot plant operating data. 
The study identified steam off-take from the crossover section between the intermediate pressure and low 
pressure stages of the power plant steam turbine as being the most favorable for powering the capture plant reboiler. 
This was based upon the availability of steam at the required quality over the operating load range and the 
accessibility to extract the required quantities at this location. 
Power plant optimization modeling showed an inverse proportionality between power plant efficiency and CO2
capture rate in the range between 75 and 90% capture. Above 90% capture power plant efficiency decreased more 
rapidly with increasing capture rate. 
For the 800MWe and 300MWe cases the efficiency penalties were predicted to be 9.7 and 9.9 percentage points 
respectively, when comparing capture optimized power plant with 90% CO2 capture and compression in operation 
against the base line power plant optimized without CO2 capture. 
The modelling work undertaken in this study shows the benefit of designing power plant for capture from the 
outset. For an 800MWe plant optimized without capture (a retrofit case) a greater baseline power plant efficiency 
would be achieved (additional 1.1 percentage points), but the efficiency penalty would be more onerous when the 
capture plant is put into operation (additional 0.7 percentage point penalty). 
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